Abstract Edible insects are advocated as sustainable and healthy food and feed. However, commercially produced insects are often low in n-3 fatty acids and have suboptimal n-6/n-3 ratios. A certain amount and proportion of these FAs is required to optimize human health. Flaxseed oil consists primarily (57%) out of alpha-linolenic acid. An experiment was conducted to quantify the effect of flaxseed oil provision on fatty acid composition and to determine the quantity needed to attain a beneficial n-6/n-3 ratio. Three species were used in the experiment: house crickets (Acheta domesticus [L.]), lesser mealworms (Alphitobius diaperinus [Pfanzer]) and black soldier flies (Hermetia illucens [L.]). These were provided with either a control diet or a diet enriched with 1%, 2%, or 4% flaxseed oil during their larval/nymphal stage. Fatty acid profiles of diets and insects were determined via GC-MS. The three species had distinct fatty acid profiles on all four diets, but responded similarly to flaxseed oil addition. For each percent added to the diet, the alpha-linolenic acid content of the insects increased by 2.3%-2.7%. Four percent addition increased the n-3 fatty acid content 10-20 fold in the three species and thereby strongly decreased n-6/n-3 ratios from 18-36 to 0.8-2.4. A ratio below 5 is considered optimal for human health and was achieved by 2% flaxseed oil inclusion for house crickets and lesser mealworms, and at 1% inclusion for black soldier flies. Adding a source of n-3 fatty acids to insect diets can thus improve the nutritional quality of insects.
Introduction
As incomes rise and the world population grows, the demand for animal protein increases (Sans & Combris, 2015) . The current production of animal protein is already associated with a large environmental impact (Herrero et al., 2015) . Hence, more sustainable sources of animal protein are being investigated, including edible insects. These are considered a relatively sustainable source of animal protein and are perceived as highly nutritious (van Correspondence: Dennis G.A.B. Oonincx, Department of Animal Sciences, Animal Nutrition Group, Wageningen University, P.O. box 383, 6700 AJ, Wageningen, the Netherlands. Tel: +31 317 489418; fax: +31 317 483962; email: dennis. oonincx@wur.nl Huis & Oonincx, 2017) . Most insects are rich sources of protein, minerals, and certain vitamins, although great variation exists between species and life stages, and due to production conditions (Finke & Oonincx, 2017; Oonincx et al., 2018) . Additionally, most insect species contain large amounts of fat. For instance on a dry matter (DM) basis the fat content of house crickets is between 17% and 28% (Finke, 2015; Oonincx et al., 2015b) , for lesser mealworms this is between 21% and 31% (Despins & Axtell, 1995; Bjørge et al., 2018) and for larvae of the black soldier fly this is between 6.6% and 39% (Oonincx et al., 2015b; Barragan-Fonseca et al., 2017) . In certain species this fat is largely composed of long chained polyunsaturated fatty acids (PUFAs) (Finke & Oonincx, 2017) . These PUFAs can be distinguished based on the position of their first double bond. The two most important This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes. types, omega 3 (n-3) and omega 6 (n-6) fatty acids, are required in mammalian diets because mammals cannot synthesize these de novo (Anderson & Ma, 2009 ). Both the ingested amounts and proportions of these fatty acids are important for human health. Western diets generally contain too little n-3 and too much n-6 PUFAs (Simopoulos, 2002 ). This imbalance is associated with health issues in humans, such as coronary heart disease, cancer and autoimmune and inflammatory diseases (Tokudome et al., 2000; Trautwein, 2001; Simopoulos, 2002; Bagga et al., 2003; Robinson & Stone, 2006) . Early studies that demonstrated beneficial effects of n-3 fatty acids on human health focused on marine sources rich in C20:5n3 (eicosapentaenoic acid; EPA) and C22:6n3 (docosahexaenoic acid; DHA) (Antruejo et al., 2011) . Later studies included the plant based fatty acid C18:3n3 (alphalinolenic acid; ALA) and indicated that also ALA can be an effective way to achieve desired health effects in humans (Mantzioris et al., 2000; Bemelmans et al., 2002; Singh et al., 2002; Zhao et al., 2004; Campos et al., 2008) . ALA can be converted to EPA and DHA via several enzymatic steps (Thais et al., 2013) . The same enzymes can also elongate C18:2n6 (linoleic acid; LA). Therefore, due to substrate competition, both the levels of and the ratio between n-3 and n-6 PUFAs determine the quantity of the formed end products (Gerster, 1998) . The human diet in our early evolutionary period had a n6/n3 ratio of approximately 1-2, whereas this has increased to ß16 in current Western diets (Simopoulos, 1999; Simopoulos, 2002; Simopoulos, 2009; Melvin & Boyd, 2010) . For optimal human health this ratio should be around 5 (Gerster, 1998; Kouba & Mourot, 2011) . Therefore, if insects are to be part of a sustainable and nutritious diet it would be advantageous if they contain relatively large proportions of n-3 PUFA's, which would result in more favorable n-6/n-3 ratios.
The n-6/n-3 ratios in terrestrial insects are on average three times higher than in aquatic insects (Fontaneto et al., 2011) . This is because microalgae produce n-3 PUFAs de novo and these fatty acids are selectively accumulated via the trophic chain (Gladyshev et al., 2013) . However, most of the insect species which are produced for human or animal consumption are terrestrial. Furthermore, commercially produced insects generally contain higher levels of n-6 than species collected in the wild, which leads to elevated n-6/n-3 ratios in these produced species (Finke & Oonincx, 2017) . The fatty acid composition of insects is in part determined by the fatty acid composition of their diet (St-Hilaire et al., 2007; Komprda et al., 2013; van Broekhoven et al., 2015; Oonincx et al., 2015b; Hussein et al., 2017; Starčević et al., 2017) . Higher levels of n-3 PUFAs in insect diets would therefore increase n-3 PUFA concentrations and decrease n-6/n-3 ratios in the insects. However, differences between species in accumulation efficiency and in de novo synthesis of fatty acids are expected to lead to distinct fatty acid profiles in different species, even if they are provided with the same diet. Therefore, an experiment was conducted to quantify the effects of dietary n-3 levels on the fatty acid profiles of three taxonomically distinct insect species commonly used as feed or food.
Materials and methods

Diets
Four diets differing in fatty acid composition (Table 1) were made by adding flaxseed oil (Lijnzaadolie koudgeperst-article #082167, Holland & Barrett B.V., Amsterdam, the Netherlands), a well-known source of n-3 fatty acids (Antruejo et al., 2011) , to a basal diet.
This basal diet consisted of a complete chicken feed (Opfokmeel farmfood, Agruniek Rijnvallei Voer BV, Wageningen, the Netherlands) and contained approximately 4% fat per kg of which 2.5% was ALA and 0.5% was EPA (Table 1) . One kilogram of diet containing 0, 10, 20 or 40 g of flaxseed oil (0%, 1%, 2%, or 4%) was made for each treatment. First tert-butylhydroquinone (200 μg/g oil) was added to the flaxseed oil to prevent oxidation (Omar et al., 2010) . Then 2% Tween-20 (Sigma-Aldrich) and 2 g of chicken feed were added to create a carrier. This carrier was then hand-mixed thoroughly with a spoon for 10 min with the rest of the chicken feed. All four diets were stored in sealed plastic boxes at −20°C until further use. Six samples were taken per diet to verify the homogeneity of fatty acid concentrations.
Animals and experimental setup
Three insect species were selected: house crickets (Acheta domesticus L.; Orthoptera: Gryllidae), lesser mealworms (Alphitobius diaperinus Panzer; Coleoptera: Tenebrionidae), and black soldier flies (Hermetia illucens L.; Diptera: Stratiomyidae). Eggs from the first two species were obtained from established colonies at the Laboratory of Entomology, Wageningen University, the Netherlands and first-stage larvae of the lesser mealworm were provided by a commercial insect producer (Kreca V.O.F., Ermelo, the Netherlands).
House crickets: 100 nymphs, less than 24 h old, were placed in transparent plastic containers (356 mm × 234 mm × 228 mm; Faunarium type pt2665, Hagen, Holm, Germany). The tops of these enclosures were covered Table 1 Main fatty acid composition (as a percentage of total fatty acids † ) of a control diet (0%) and diets enriched with 1%, 2%, or 4% of flax seed oil (Mean ± SD; n = 6). If superscripts in the same column have no letters in common, means differ significantly (Kruskal-Wallis test followed by Dunn-Bonferroni post hoc test; P < 0.05). with a lid and a net (mesh width 1 mm) to prevent escape while providing ample ventilation. Fifteen hollow plastic tubes (200 mm long and 30 mm in diameter) were placed in each container to provide the nymphs with shelter. A water dispenser (Gebroeders de Boon, Gorinchem, the Netherlands) with tissue paper in its opening was placed in each container to provide water.
Lesser mealworms: 100 first instar larvae were placed in a plastic container (178 mm × 114 mm × 65 mm) of which the lid was perforated with 60 small holes to allow air exchange. Three times per week carrot pieces were provided as a source of moisture.
Black soldier flies: 100 larvae, less than 24 h old, were placed in a plastic container (178 mm × 114 mm × 65 mm) of which the lid was perforated with 60 small holes to allow air exchange.
The larvae or nymphs of all three species were randomly allocated to one of the four dietary treatments. Per species, six replicates were used for each treatment. Feed was provided ad libitum. House crickets and lesser mealworms were provided with the diet as is, whereas the feed for the black soldier flies was first mixed with tap water (2 mL per gram of diet). The experiments were carried out in a climate-controlled room at 28°C, 70% relative humidity, and a 12 h photoperiod. Boxes were randomly rotated on a weekly basis via the randomize function in Microsoft Office Excel 2013 (Microsoft, Redmond, WA, USA).
Sampling and calculations
When the first adult (house cricket), pupa (lesser mealworm), or prepupa (black soldier fly) was seen in a container all animals in that container were harvested. Development time was calculated as the number of days between the start of the experiment and the moment of harvesting. Prior to harvesting the container was placed at -20°C for circa 15 min. All insects were taken from their containers and counted to determine their survival [(number of surviving insects/100) × 100%]. The house crickets and lesser mealworms were weighed directly per container. The BSF larvae were first put in a sieve, rinsed under running water and dried with tissue paper to remove feed adhering to their integument and then weighed per container.
Subsequently, all insect and diet samples were freezedried using a Vaco5 Drytec (Zirbus technology, Bad Grund, Germany) until a stable weight was reached. The dry matter content of the insects was determined by dividing the dry weight by the fresh weight. Average weight was calculated by dividing the total weight by the number of surviving insects. The dried samples were then milled to a fine powder with an A11 Basic IKA mill (IKA R , Staufen, Germany).
Fat extraction and fatty acid profile analyses
Fats were extracted in accordance with the method of Folch et al. (1957) and crude fat content was determined in accordance with AOAC (1990) ; first the ground samples (1 g for house cricket and black soldier fly, 0.5 g for lesser mealworm, and 4 g of diet) were mixed with 0.2 g sodium sulphate. Then 15 mL of 2:1 (v/v) chloroform/methanol was added, the mixture was stirred for 20 min at room temperature, and then filtered (>10 μm; Whatman 595½ GE Health care, Kent, UK). Subsequently, 10 mL of chloroform/methanol (2:1, v/v) was added to the residue and the mixture was stirred again for 15 min and filtered. This filtrate was transferred to a tube and evaporated under nitrogen at 42°C. The resulting extracts were automatically methylated with a Gerstel MPS injector (Da Vinci Laboratory Solutions BV, Rotterdam, the Netherlands). First, they were heated to 80°C for 1 min and then 400 μL sodium methoxide solution (0.5 mol/L in methanol, Sigma Aldrich, Zwijndrecht, the Netherlands) was added and mixed for 10 min at 70°C at 500 r/min. Then 400 μL boron trifluoride (20% in methanol, Sigma Aldrich, Zwijndrecht, the Netherlands) was added, mixed for 5 min at 80°C at 500 r/min, after which 450 μL iso-octane (99% HPLC quality, Biosolve, Valkenswaard, the Netherlands) was added and samples were again mixed at 80°C at 500 r/min for 1 min. Subsequently, 400 μL saturated sodium chloride solution was added, and samples were mixed again for 1 min at 80°C at 500 r/min.
All samples were kept at room temperature until two phases had separated after which a sample from the upper organic layer (2 μL for the insects and 1 μL for the feeds) was injected in the gas chromatograph (GC). Thirty fatty acid methyl esters of feed, house crickets and lesser mealworms were quantified on a Thermo Focus gas chromatograph equipped with a FAME Agilent CP-7489 column (100 m × 0.25 mm) and a flame ionization detector. Helium was used as the carrier gas. The GC was set up with the following temperature program: 60°C for 5 min, ramp at 15°C/min, held at 165°C for 1 min, followed by a ramp at 1°C/min hold at 225°C for 23 min. Data were integrated with Chromquest 5.0 version 3.2.1. Fatty acid methyl esters of black soldier flies were quantified on an Agilent 7890A gas chromatograph equipped with a FAME Agilent CP7419 column (50 m × 0.25 mm) and a flame ionization detector. Helium was used as the carrier gas. The GC was set up with the following temperature program: 100°C for 1 min, ramp at 5°C/min, hold at 230°C for 9 min. Data was integrated with EZChrom Elite software and expressed as a percentage of total fatty acids.
Statistical analysis
Statistical analysis was performed with SPSS 23.0 (IBM Corporation, Armonk, NY, USA). A General Linear Model using treatment as a fixed factor was used to analyze fatty acid profile differences between species, and was followed by a Tukey's HSD. Animal performance data that were normally distributed and had homogeneous variances were analyzed for significant differences via an ANOVA followed by a Tukey HSD test. Data that were not normally distributed or had inhomogeneous variances were analyzed for significant differences (P < 0.05) via a Kruskal-Wallis test. Subsequent post hoc testing was conducted via a Dunn-Bonferroni post hoc test. Most of the fatty acid data did not meet ANOVA prerequisites and these were therefore also analyzed via the latter procedure. Linear regression was used to quantify the relationship between flaxseed oil inclusion and ALA content.
Results
The three species survived and developed well on the control diet (Table 2 ). Similar to the composition of the control diet, the three species had a high content of C18:1n9 (oleic acid; 12%-30% of TFA) and LA, whereas their ALA content was low (Table 3) . Addition of flaxseed oil to the feed strongly increased the relative abundance of ALA (from 2.5% to 30.3%), slightly increased C18:0 (stearic acid; from 3.6% to 4.6% of total fatty acids; TFA) and decreased the relative abundance of the other fatty acids by dilution (Table 1 ). The four dietary treatments did not affect survival, development time, live weight, dry weight or dry matter content in any of the three species (Table 2 ). The crude fat content of both the house crickets (P = 0.023) and the lesser mealworms (P = 0.043) increased due to the addition of flaxseed oil. The crude fat content of the black soldier flies was not determined due to a human error.
In general, the FA profiles of the three insect species followed the changes in the dietary fatty acid profiles; higher inclusion levels of flaxseed oil increased ALA levels (R 2 = 0.85-0.97) and decreased the relative abundance of the other FAs (Table 3 and 4). Two noticeable exceptions were the increased level of C18:1n9 (oleic acid) and the numerically increased level of LA in black soldier flies provided Table 2 Survival, development time, live and dry weight, dry matter (DM) content, and fat content of house crickets, lesser mealworms, and black soldier flies on a control diet (0%) and diets enriched with 1%, 2%, or 4% of flax seed oil (mean ± SD; n = 6). If for a species superscripts in the same column have no letters in common, means differ significantly (ANOVA followed by Tukey's HSD; P < 0.05). with higher dietary levels of flaxseed oil. For each unit increase of flaxseed oil inclusion, the ALA concentration in the TFA rose between 2.3% and 2.7% for all three species. When the effect of treatment was excluded, species specific differences in fatty acid profile were apparent. Black soldier fly larvae had higher C12:0 concentrations (44 vs. < 0.1% of TFA; P < 0.001) and lower ALA concentrations (4.8% vs. 5.9% of TFA; P = 0.004) than both the lesser mealworms and the house crickets. The C18:1n9 concentration was highest (P < 0.001) in the lesser mealworms (34% of TFA), followed by house crickets (28% of TFA). Furthermore, the house crickets contained small amounts of EPA (0.2% of TFA) at all four treatment levels, whereas this FA was not detected in the two other species. No DHA was detected in any of the three species.
The increased dietary ALA levels increased insect PUFA content and strongly decreased their n-6/n-3 ratios (Fig. 1 ). An inclusion of 2% of flaxseed oil decreased this ratio from 36 to 4 in house crickets, and from 22 to 4 in lesser mealworms. Addition of 1% of flaxseed oil sufficed to decrease the n-6/n-3 ratio from 18 to 3 in black soldier flies.
Discussion
The three insect species in this study had high n-6/n-3 ratios (18-36) when reared on their cereal-based control diet, as is common in insect production systems (van Broekhoven et al., 2015; Oonincx et al., 2015b) . These ratios are even higher than in current Western diets (ß15-17), which are already considered excessive and potentially detrimental (Simopoulos, 2002) . Addition of 1% of flaxseed oil to the insect diets strongly lowered this ratio (house crickets: 6.6, lesser mealworms: 6.3, BSF larvae: 3.0) so that it approaches the ratio recommended for human health (ß5) (Gerster, 1998; Kouba & Mourot, 2011) . Higher inclusion levels further lowered the n-6/n-3 ratios.
The n-3 content of the diet, in the form of ALA, was increased via the addition of flaxseed oil. This did not affect survival, development, or weight in the three species in the current study. Contrarily, Starčević et al. (2017) reported reduced survival (from 37% to 24%) in Jamaican field crickets (Gryllus assimilis) when flaxseed oil inclusion was increased from 3% to 5% during a period of 50 d. Whether that cricket species responds differently to flaxseed oil than house crickets or that another factor caused low survival is unclear. Flaxseed contains antinutritional factors including linatin and phytic acid, which can inhibit growth in broilers (Lee et al., 1991; Bond et al., 1997; Treviño et al., 2000; Nguyen et al., 2003; Anjum et al., 2013) and pigs (Juárez et al., 2011) . However, growth inhibition is not always apparent in these species (Matthews et al., 2000; Crespo & Esteve-Garcia, 2002 ) and the responsible antinutritional factors seem to be retained in the seed cake after pressing (Lee et al., 1991) .
Providing flaxseed (oil) to pigs (Matthews et al., 2000; Juárez et al., 2011; Turner et al., 2014) and broilers (Crespo & Esteve-Garcia, 2002; Nguyen et al., 2003) increases their ALA content, as well as their EPA concentration. In the current, study trace amounts of EPA were Table 3 Main fatty acid composition (as a percentage of total fatty acids † ) of house crickets, lesser mealworms, and black soldier flies on a control diet (0%) and diets enriched with 1%, 2%, or 4% of flax seed oil (mean ± SD; n = 6). If for a species superscripts in the same column have no letters in common, means differ significantly (Kruskal-Wallis test followed by Dunn-Bonferroni post hoc test; P < 0.05). found in the house crickets, whereas none was detected in the lesser mealworms and black soldier flies. The EPA traces (0.2% of TFA) found in the house crickets likely came from the feed which contained small amounts of EPA (0.2% ̶ 0.5% of TFA; Table 1 ). Although previous studies suggest that house crickets can enzymatically synthesize EPA from ALA (Jurenka et al., 1988; Blomquist et al., 1991; Tzompa-Sosa et al., 2014) no evidence for this was found in the current study. Perhaps house crickets only synthesize EPA de novo from ALA in specific tissues and in low amounts, thereby avoiding detection in the current study which determined the FA profile of the whole body. Whether such amounts are a nutritionally relevant contribution to TFA for people or animals consuming these crickets seems doubtful. The data do indicate that the house crickets selectively retained EPA; dilution of the relative concentration of EPA in the feed resulted in constant relative concentrations in the house crickets. This concurs with published data on a large variety of insects, including Diptera, Orthoptera, Lepidoptera, and Coleoptera, which selectively retain EPA (St-Hilaire et al., 2007; Finke, 2015; Spranghers et al., 2016; Hussein et al., 2017; Starčević et al., 2017) . These studies also indicate that DHA is not retained in insects, which explains its absence in the insects in the current study.
When DHA is detected in insects, this is often due to feed residing in their gastrointestinal tract at the moment of sampling; their gutload. This gutload thus affects analyzed nutrient profiles. Finke (2003) reports a gutload content of approximately 5% of the total dry matter for adult house crickets and yellow mealworms. At the 4% inclusion level in the current study, this would result in an overestimation of approximately 1% of TFA.
In general, insects obtain fatty acids via absorption of dietary lipids through their midgut epithelium or generate them from sugars in their enterocytes (Chapman et al., 2013) . The black soldier fly seems to synthesize C12:0 (Lauric acid) de novo from sugars as can be deduced from mass balance calculations from a previous dietary study (Oonincx et al., 2015b) . Lauric acid is the most abundant fatty acid in most studies on black soldier flies (Finke & Oonincx, 2017) and the current study is no exception. This feature seems unique to the black soldier fly and accounts for the major difference in fatty acid profile compared to both the house cricket and the lesser mealworm. Contrary to the latter two species, higher inclusion levels of flaxseed oil increased stearic and oleic acid concentrations, and numerically increased LA concentrations in black soldier fly larvae. The increased abundance of these 18 carbon fatty acids at higher flax seed oil inclusion levels might be Table 4 Proportions of saturated fatty acids (SFA), mono-unsaturated fatty acids (MUFA), poly-unsaturated fatty acids (PUFA), total omega 3 fatty acids, total omega 6 fatty acids, and their ratio in experimental diets, house crickets, lesser mealworms, and black soldier flies (mean ± SD; n = 6). Different letters in superscript in the same column indicate significant differences (Kruskal-Wallis test followed by Dunn-Bonferroni post hoc test; P < 0.05). Fig. 1 Omega 6/omega 3 (n-6/n-3) fatty acid ratio of three insect species provided with a control diet (0%) or a diet enriched with either 1%, 2%, or 4% of flaxseed oil (n = 6). The dotted line indicates the maximum ratio considered suitable for human health.
due to microbial biohydrogenation, as is known to occur in sheep and cattle (Jenkins et al., 2008) .
Comparative data for the fatty acid profile of the lesser mealworm are limited (van Broekhoven et al., 2015) , but follows the same general trend as found in the current study. The most abundant fatty acids in lesser mealworms are C16:0 (palmitic acid), stearic acid, oleic acid, and LA.
The same fatty acids are reported to be the most abundant in commercially produced house crickets (Finke, 2002; Collavo et al., 2005; Oonincx et al., 2015a,b) , which is in general agreement with the data in this study. In most of these studies the dietary n-3 content is low, leading to a low n-3 content and high n-6/n-3 ratio in these house crickets. Provision of ALA-rich Chia seeds [Salvia hispanica (L.)] was tested during 10 d in Jamaican field crickets and giant mealworms [Zophobas atratus (Fabricius)] (Komprda et al., 2013) . These seeds increased levels of ALA in both species, but the effect was more pronounced in the Jamaican field crickets. In the current study, ALA increased in both the lesser mealworms and the house crickets to a similar extent. Perhaps differences in fatty acid accumulation and synthesis between Jamaican and house crickets or between giant and lesser mealworms explain this difference. Alternatively, the difference in the duration of the experiment (10 d vs. the entire larval/nymphal stage) might be the reason for differences in the accumulation pattern. Future studies could determine to which extent shorter term provision of enriched diets is effective and whether this would be more cost-effective than long-term provision. This could lead to the incorporation of so-called finishing diets, as commonly used to optimize the nutritional value of conventional production animals.
In conclusion, the n-3 fatty acid content of insects produced on standard commercial diets is low and their n-6/n-3 ratio is excessively high. A desirable n-6/n-3 ratio can be obtained by enriching standard diets with 1%-2% of flaxseed oil in the three investigated species. If insects are to be consumed directly, the provision of an enriched diet is strongly recommended. Further studies should determine whether provision of n-3 enrichment at a later stage of production is effective and potentially more efficient than long-term provision.
